Nonalcoholic fatty liver disease (NAFLD) represents a rapidly growing cause of chronic liver disease in the United States and is associated with significant morbidity and mortality, including progression to liver cirrhosis and hepatocellular carcinoma. NAFLD comprises a spectrum of liver conditions, ranging from simple steatosis to steatosis with inflammation (steatohepatitis) and progressive fibrosis. Weight loss represents a first line therapeutic modality for the management of NAFLD. Herein, we review the evidence base for medical, surgical, and endoscopic approaches to weight loss and their potential impact on the natural history of NAFLD.
Spectrum of nonalcoholic fatty liver disease (NAFLD)
Over the past few decades we have seen a steep increase in the rates of obesity and its associated conditions, such as diabetes and metabolic syndrome, as more countries adopt the sedentary Western lifestyle and high caloric diet.
Epidemiological and research data have clearly established a link among obesity, diabetes, and NAFLD. 1 The overall prevalence of NAFLD varies between 20% and 50% in Western countries, and it now represents the most common type of chronic liver disease. 2, 3 Fatty liver and NAFLD occur in all age groups, and its prevalence increases with increases in body weight. Fatty liver is found in 10-15% of normal weight individuals and 70% of obese subjects. 4 The location of excess fat is paramount, as increased visceral fat increases the risk of hepatic steatosis both in lean and overweight individuals. 5 NAFLD comprises a spectrum of liver conditions, ranging from simple steatosis to steatosis with inflammation and fibrosis (nonalcoholic steatohepatitis (NASH), liver cirrhosis, and liver cancer). 6, 7 These may also represent consecutive stages in disease progression. The diagnosis of NAFLD requires the presence of fat in hepatocytes, usually stored as triglyceride, and exclusion of other causes of hepatic steatosis, such as alcohol use, hepatitis C, and medication use, among others. A liver biopsy is usually needed to determine if the patient has NASH or fatty liver without inflammation. 8 Retrospective and limited prospective data suggest that fatty liver without fibrosis and inflammation is unlikely to progress to liver cirrhosis. Presently, there is insufficient information available regarding the natural history of NASH, although it is generally accepted that these patients are at higher risk for developing advanced liver disease compared to patients with simple hepatic steatosis. 4, 6, 9 This is based mostly on observational and retrospective studies. However, even "simple" fatty liver is not so benign: experimental and epidemiological studies have shown that hepatic steatosis significantly increases risk for developing type 2 diabetes 6 and is associated with increased mortality from cardiovascular disease, cancer, and liver disease compared with age and gender-matched populations within the same county.
The levels of serum alanine aminotransferase (ALT) are used clinically to detect NAFLD. Accepting an ALT value of >40 U/L as a cut-off diagnosed steatosis with a sensitivity and specificity of 45% and 100%, respectively. 10, 11 A significant proportion of patients with biopsy-proven NASH have normal ALT levels.
12 Ultrasound (US) is inexpensive, noninvasive, and widely available but has lower specificity for detecting mild steatosis. Newer modalities, such as magnetic resonance spectroscopy (MRS), are becoming more available and have proven to be more sensitive in quantifying liver fat, 13 but their use is limited to academic centers at present. Several formulas that use clinical parameters have been developed to predict the presence of hepatic steatosis, such as the Fatty Liver Index, 14 as the presence of liver fat can increase the risk of cardiovascular disease.
Liver biopsy remains the gold standard to distinguish NAFLD from NASH. 15 However, liver biopsy can lead to serious complications and is limited by sampling variability. 16 It should be reserved for patients with US-proven fatty liver who have risk factors for NASH or elevated liver enzymes without clear diagnosis. 17 Features of fatty liver disease are scored using the system devised by the NASH Clinical Research Network (NASH CRN). The NAFLD Activity Score (NAS) is used as a composite measure of injury. It includes assessment of steatosis, ballooning degeneration, and lobular inflammation. 18 Newer imaging modalities, such as transient elastography, can be used to predict the presence of liver fibrosis. A recent meta-analysis showed a pooled area under the curve of 0.94 for advanced fibrosis. 19 Regarding fibrosis prediction, the only validated model based on clinical data is the NAFLD Fibrosis Score; it can adequately exclude advanced fibrosis in most patients and avoid the need for liver biopsy. 20 
Pathophysiology and natural history
The hallmark histologic feature of NAFLD is the accumulation of fat in the form of triglycerides in hepatocytes. Most of the triglycerides are re-esterified fatty acids that come from adipose tissue lipolysis into the liver. Adipose tissue insulin resistance is present in the majority of patients with NAFLD, whether they are obese or not, 21, 22 and adipose tissue lipolysis provides approximately 60% of the fatty acids used for hepatic triglyceride synthesis. The rest of the hepatic fatty acids come from de novo lipogenesis within the liver (25%) and dietary intake (15%). 23 Hepatic lipid content is regulated by balancing hepatic lipid uptake, synthesis, oxidation, and export. Triglycerides are exported from the liver as very low-density lipoprotein (VLDL). Besides beta-oxidation in the mitochondria, lipid export is the only way to reduce hepatic lipid content. Excess hepatic fat leads to increased VLDL secretion and some of the serum lipid abnormalities noted in metabolic syndrome and NAFLD, including hypertriglyceridemia, decreased HDL, and higher low-density lipoprotein (LDL). 24 However, the increased export of triglycerides as VLDL is unable to compensate for the increase in intrahepatic triglycerides. The high serum glucose and insulin associated with insulin resistance further perturb liver lipid metabolism by increasing the activity of carbohydrate response element-binding protein (ChREBP) and sterol regulatory-element binding protein 1c (SREBP-1c), the master regulator of hepatic de novo lipogenesis. 25 Net lipid accumulation, specifically buildup of the triglyceride precursors diacylglycerol, results in activation of a serine kinase cascade. This, in turn, inhibits insulin signaling, leading to insulin resistance in the liver. 26 Insulin resistance has a strong association with both hepatic steatosis and NASH. 22 The pathogenesis of NASH is frequently described by the "two-hit hypothesis": the first hit is the accumulation of fat in the liver and dysregulation of insulin metabolism, and the second hit, the progression from steatosis to steatohepatitis, is due to various inflammatory insults. 27 At present, the precise factors driving inflammation remain unclear, with various metabolites, cytokines, inflammatory cells, and dysregulated processes, such as oxidative stress and autophagy, being implicated. 28 Among clinical associations, diabetes and metabolic syndrome, advanced age, Hispanic ethnicity, female sex, and obesity are all related to more aggressive liver histology but without a clear distinction of cause and effect. 29 Based on observational studies, it is assumed that simple steatosis will rarely progress to steatohepatitis and more aggressive liver disease. 30 Patients with simple fatty liver on initial biopsy have a low chance of dying from liver disease. However, compared to the general population, patients with NAFLD have a significantly higher all-cause mortality, 19, 31, 32 increased risk of developing diabetes, 33, 34 and higher incidence of cardiovascular disease and cancer. 35, 36 Patients with steatohepatitis may progress to liver cirrhosis and develop hepatocellular carcinoma. Roughly 25% of NASH patients will develop fibrosis and liver cirrhosis, and about 10% will develop end-stage liver disease (Fig. 1) . Cirrhosis secondary to NASH is projected to become the most common indication for liver transplantation in next 20-30 years. The effect of weight loss and treatment options
The complex pathophysiology of NAFLD and NASH has led to a number of pharmacologic treatment options targeting various mechanisms, but none of them are universally accepted. As NAFLD and the other components of metabolic syndrome are tied to obesity, weight loss constitutes the primary therapeutic goal (Table 1) . NAFLD patients are inclined to consume more calories and simple carbohydrates than healthy controls. 37 Studies have demonstrated the benefits of weight loss on hepatic fat and liver transaminases and prevention of incident NAFLD. [38] [39] [40] [41] [42] At present, the American Association for the Study of Liver Diseases guidelines only recommend weight loss accomplished through lifestyle changes 43 for both NAFLD and NASH.
Lifestyle/dietary therapy
Counseling in the office on lifestyle changes and outcomes of NAFLD is a good starting point, but referral to a structured intensive nutritional program may be a more effective approach. A recent study randomized patients in the community to one of two groups: an intensive lifestyle intervention with weekly sessions with dieticians over the course of 12 months and one counseling session by a clinician. Although neither group (77 patients in each arm) changed their exercise habits by the end of the study, the intervention group had significantly lower intrahepatic triglycerides, as measured by MRS (mean difference 4.5%, p<0.001), improved liver transaminases, and lower serum triglycerides and LDL cholesterol. The resolution of NAFLD was correlated with weight loss. 44 A review by Thoma and colleagues summarized the effectiveness of physical exercise alone and physical exercise combined with dietary approaches to reduce intrahepatic fat. 45 Energy restriction and weight reduction of 4-14% resulted in significant decreases in hepatic steatosis of 35-81%. The decrease in liver fat had the strongest correlation with degree of weight loss. Regular exercise may modestly reduce steatosis even without a change in weight.
The role of various macronutrients in the pathophysiology of NAFLD was recently reviewed in detail. 46, 47 Increased intake of v-3 fatty acids and monounsaturated fatty acids and decreased intake of fructose were associated with reduced hepatic steatosis.
Various diets have been shown to improve components of metabolic syndrome and weight loss. 48 The Mediterranean diet has probably the best evidence to support its use for reducing body weight and intrahepatic fat. 49 The Spanish Mediterranean diet consists of high doses of virgin olive oil and v-3 fatty acids from fish as the main source of fat, fish as the main source of protein, green vegetables/salads as the main source of carbohydrate, and moderate red wine intake. In a prospective study of 14 subjects with US-confirmed Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; RYGB, Roux-en-Y gastric bypass; LAGB, laparoscopic adjustable gastric band; VBG, vertical band gastrectomy; BPD, biliopancreatic diversion; SG, sleeve gastrectomy; VLCD, very low calorie diet (800 kcal/day); F, fat; CH, carbohydrates; P, protein; mos, months; wks, weeks; yrs, years; wt, weight; Medi diet, Mediterranean diet; pts, patients.
NAFLD associated with elevated liver enzymes (ALT >40 IU) and a mean initial body mass index (BMI) of 36 kg/m 2 , 12 weeks of the Mediterranean diet led to significant weight loss and improved hepatic steatosis and liver enzymes (average weight decreased from 109.79 kg to 95.86 kg, average ALT from 71.92 U/L to 37.07 U/L, and average aspartate aminotransferase (AST) from 47.71 U/L to 29.57 U/L). Complete fatty liver regression was observed in 21.4% of the patients, and an overall reduction of steatosis was found in 92.9% of the patients.
The largest study to date, by Shai et al., compared the Mediterranean diet to low-fat and low-carbohydrate diets and followed 322 subjects for 2 years. Weight loss was more significant with the Mediterranean and low-carbohydrate diets, and the glycemic index was improved with the Mediterranean diet. ALT levels were significantly reduced from baseline to 24 months in the Mediterranean diet and the low-carbohydrate groups (reductions of 3.4±11.0 and 2.6±8.6 units per liter, respectively; p<0.05 in comparison with baseline in both groups). 50 Weight loss induced by dietary intervention can lead to improved histology for NASH. Thirty-one patients with biopsy-proven NASH were randomized to standard counseling vs. intensive intervention (1,000-1,500 kcal/d diet and 200 minutes of moderate aerobic activity weekly). 51 The treatment group had an improved histological response after 48 weeks, with NAS reduction from 4.4 to 2.0 in the treatment group and NAS reduction of 4.9 to 3.5 in the standard counseling group (p=0.05). Intensive intervention was significantly correlated with weight loss, and patients with greater than 7% weight loss achieved the greatest decrease in inflammatory parameters.
Recently, a prospective study of 293 patients with histologically proven NASH who underwent a 12 month intensive lifestyle intervention showed that weight loss correlated with levels of improvement in histology. Patients who were able to achieve greater than 10% weight loss had the highest rates of NAS reduction and fibrosis regression. 52 The biggest caveat of interventions that use dietary measures for weight loss is their lack of durability. 53, 54, 55 It is unclear how weight regain will affect the natural history of NAFLD/NASH.
Studies have suggested that the severity of insulin resistance was correlated with the likelihood of progression from benign steatosis to NASH and the development of fibrosis. Therefore, therapies that improve insulin sensitivity or target other elements of the metabolic syndrome, such as dyslipidemia and hypertension, have been shown to reverse inflammation, steatosis, and ballooning degeneration and have been reviewed elsewhere.
56,57

Pharmacotherapy for weight loss
There is limited data on the effect of weight loss medication on NAFLD. Orlistat was evaluated in several trials, but the results were inconclusive. Fifty patients with biopsy-proven NASH and BMI >27 kg/m 2 were randomized to receive either Orlistat 120 mg tid + 1400 kcal/day diet + Vitamin E or 1400 kcal/d diet + Vitamin E. 58 Both groups showed similar improvements in inflammation, ballooning, and steatosis. The Orlistat group lost a mean of 8.3% body weight compared to 6.0% in the diet plus vitamin E group (not significant). Orlistat did not provide any additional benefit. Pentoxifylline, although not specifically used to target weight loss, was associated with a small amount of weight reduction in a trial evaluating its effect on NASH. 59 At the end of the study, BMI change from baseline was −0.28 kg/m 2 (±1.0) in the pentoxifylline group compared to 0.52 kg/m 2 (±1.8) in the placebo group (p=0.052). Pentoxifylline treatment had a favorable effect on liver fibrosis and improved NAS score (p<0.001). The change in BMI was significantly associated with NAS improvement.
More recently, a daily injection of 1.8 mg of liraglutide, a glucagon like peptide 1 (GLP-1) analogue, was shown to significantly improve liver histology in patients with biopsyproven NASH after 48 weeks of therapy. This was associated with reduced weight, BMI, and fasting glucose. More data from phase 3 trials are needed to validate the use of GLP-1 agonists as a therapeutic option for NASH, but initial data appear promising. 60, 61 Overall, data on the effect of weight loss for NAFLD are insufficient. A Cochrane review from 2011 could not find sufficient number of trials to perform meta-analysis for the effect of weight reduction on NAFLD, both for lifestyle or orlistat, and concluded that further randomized controlled trials with low risk for bias are needed. 62 A recent prospective cohort study by Glass et al. demonstrated that weight loss greater than 10% total body weight in NASH patients was associated with a significantly higher rate of fibrosis regression (63.2 vs. 9.1%, p<0.001).
Bariatric surgery
To date, the most convincing evidence that sustained weight loss can cure or improve NAFLD and NASH comes from studies of patients who have undergone bariatric surgery. As the prevalence of obesity has increased over the past few decades, the number of bariatric procedures has grown exponentially, to over 220,000 procedures performed annually in the United States. As many as 90% of these patients with extreme obesity have NAFLD prior to surgery, but the incidence of serious liver disease is lower. 63 Kleiner et al. evaluated 635 perioperative biopsies (median BMI 46) and found bridging fibrosis and cirrhosis in only 4.2% of liver biopsies, 64 and 13.7% of liver biopsies had an NAS score greater than 5.
Presently, the most common bariatric procedures performed include Roux-en-Y gastric bypass, laparoscopic adjustable gastric band (LAGB), sleeve gastrectomy, vertical band gastrectomy, and biliopancreatic diversion (BPD), the last two performed only rarely today. Since 1995, more than 15 prospective studies have evaluated changes in liver histology after Roux-en-Y gastric bypass surgery. 65, 66 Time to follow-up liver biopsy varied between 10 to 21 months after surgery. Most studies reported improved hepatic steatosis, inflammation, and fibrosis. However, in a Cochrane review from 2010, four studies had noted worsening in fibrosis score over time, and two trials reported NASH global score deterioration. 67 A recent paper by Taitano et al. followed 160 patients after bypass surgery. 68 The time to repeat liver biopsy was 31±26 months (median 20 months), and the repeat biopsy was performed only if another abdominal surgery was needed. BMI decreased from 52±10 kg/m 2 to 33±8 kg/m 2 . The authors reported improvements in all major NAS points: steatosis and lobular inflammation had resolved in 75%, portal inflammation in 49%, and fibrosis of any grade in 58%, without any deterioration in fibrosis scores. Compared to other studies, this study had a shorter follow-up to second biopsies, and they were coinciding with weight loss nadir. In another cohort of 63 patients with paired liver biopsies during and 12 months after surgery, resolution of fibrosis was achieved 1 year after Rouxen-Y bypass surgery. 69 Weight loss induced by LAGB can improve liver histology in NAFLD. Thirty-six obese patients underwent paired liver biopsies. The first biopsy was performed at the time of LAGB placement, and the second biopsy was performed at a mean interval of 25.6±10 months after the procedure. Weight loss after LAGB surgery resulted in significant improvement in liver histology. 70 In the literature review, we found no studies of follow-up biopsies for NAFLD in LSG. Karcz et al. reported on the effect of LSG on NASH, diagnosed at the time of surgery, and NASHrelated comorbidities using clinical and biological data at 1 and 3 year follow-ups. 71 A significant improvement of AST, ALT, triglyceride, and HDL levels was shown, but there was no histological data.
Two prospective cohort studies have evaluated the effect of biliopancreatic diversion procedures on NAFLD. 72, 73 In both studies, repeat biopsies were only performed if the patients needed reoperations for any reason. In the study by Keshishian et al., NAS scores were not reported, but the authors mentioned that improvements in inflammation were seen beyond 12 months after surgery. 73 By 3 years, the degree of steatosis had decreased by 60%. Kral et al. compared repeat liver biopsies in 104 patients who had cirrhosis at the time of BPD and found most of them had improvements in inflammation and fibrosis in follow-up liver biopsies. 72 However, three other patients developed de novo liver cirrhosis during follow-up. One patient with cirrhosis at the time of initial surgery regained all of the lost weight after a reversal of BPD and died of liver failure 40 months later.
The largest prospective cohort study followed 381 patients after BPD, LAGB, or gastric bypass and planned a full clinical assessment and repeat biopsies at 1 and 5 years after surgery. 74 Biopsies were obtained from 362, 267, and 211 participants at baseline, 1 year, and 5 years respectively. This study reported major reductions in steatosis and ballooning degeneration; no change in inflammation; and a small increase in fibrosis score at both 1 and 5 years compared with the baseline biopsies. Presence of fibrosis on the index biopsy predicted fibrosis progression. There were 99 patients (27%) diagnosed with definite or probable NASH. In those patients, steatosis, ballooning, and NAS improved significantly after 5 years, but fibrosis and inflammation did not. Patients with progressing fibrosis had higher BMIs (around 45 kg/m 2 at the time of the repeat biopsy), and they were more insulin resistant. Deterioration of fibrosis may have been related to a more severe natural history of NASH and lower benefits of bariatric surgery rather than to exacerbation related to the surgery. Studies of NASH patients have estimated that fibrosis will worsen by at least one stage in 37-53% of patients at 3-10 years. 75, 76 Long-term data form the Swedish Obese Subjects study showed that bariatric surgery was associated with lower ALT at 2 and 10 year follow-ups. 77 AST levels were lower in the surgery group at the 2 year of follow-up but increased to higher than baseline levels at the 10 year follow-up. This prospective nonrandomized controlled trial included 3,570 obese subjects. The reason for the increase in AST after 10 years is unclear.
Most of the presented data came from observational studies. A Cochrane review examining the effect of bariatric surgery on NASH did not find any randomized controlled trial that fulfilled the inclusion criteria to make an assessment of benefit. Furthermore, they described eight studies with deterioration in fibrosis or overall histological score. 67 
Endoscopic weight loss methods
New minimally invasive endoscopic weight loss modalities are becoming more available. 78 Intragastric balloons (IGB) have been shown to decrease liver enzymes and improve liver histology. 79, 80 Histological response to IGB therapy was evaluated in a single-blinded randomized controlled trial. 80 The control arm received dietary intervention and sham endoscopy. Liver biopsies were performed in both cases and controls before balloon placement and within one month of balloon removal. At the end of treatment, the decrease in BMI was significantly greater in the IGB group than in the controls: 1.5 kg/m 2 (0.36-3.37) vs. 0.8 kg/m 2 (−0.74 to 1.33), p=0.0008. The median NAS was lower in IGB group than the sham group: 2±0.75 vs. 4±2.25, p=0.03. There was no difference in NAS prior to balloon insertion between the cases and the sham group: 5±1.00 vs. 5±2.25, p=0.52. IGBs have been used outside of the United States for more than 20 years and are expected to be approved soon in the US. IGBs can induce weight loss of about 10-12% and have low rates of serious adverse events. The most common adverse event associated with their use is persistent nausea and vomiting, leading to early removal of the balloon in 5-10% of cases. 81 The duodenal-jejunal bypass liner improves biochemical parameters of NAFLD. 82 As endoscopic devices become more available, their utility and safety in patients with NAFLD and NASH need to be further defined in randomized controlled trials.
Conclusions
In summary, NAFLD and its more severe form, NASH, are chronic diseases whose natural history in many cases may be stalled by appropriate interventions, including weight loss. Regression of fibrosis, a key disease end point, gives strong support for the AASLD weight loss guidelines. Weight loss of 10% is effective for the control of NASH and regression of fibrosis when follow-up is extended up to 5 years, regardless of whether weight was lost by medical management, bariatric surgery, or the new endoscopic minimally invasive weight loss devices, such as IGBs.
New medication targeting fibrosis development will have a strong impact on disease progression. However, these therapies should not be viewed as an isolated histological improvement but need to be assessed in their effect on metabolic syndrome in general. The close association between obesity, insulin resistance, and liver disease progression is a hallmark of NAFLD and NASH. Treatment of NAFLD requires a multidisciplinary approach that is directed to all aspects of metabolic syndrome. Weight loss represents a substantial part of this comprehensive approach.
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